Fumonisin B1 (FB1) labeled on the branch methyl groups with deuterium was produced in liquid cultures, and methyl-D3-labeled methionine was added. The isolated FB1 had 90% incorporation of 6 deuterium atoms and 9% incorporation of 3 deuterium atoms. The labeled FB1 was used as an internal standard for 2 analytical methods to measure FB1 in extracts of corn, corn products, and cultures. One method was hydrolysis followed by gas chromatography/mass spectrometry (GCIMS) of the derivatized backbone, and the other was analysis by fast atom bombardment MS (FABIMS). Incorporation of labeled FB1 into samples resulted in a GCIMS method with improved precision and accuracy and allowed for a quantitative FABIMS method.
F usarium monilifomu: occurs on com (Zea mays) and other plant hosts worldwide (1, 2) . Certain isolates of this fungus produce large amounts of fumonisins (3) in laboratory cultures. Several animal toxicoses (including equine leukoencephalomalacia [4] and pulmonary edemaJhydrothorax in swine [5] ) were observed after consumption of feed contaminated with F. monilifonne, and animal toxicoses have also been induced with purified fumonisin B I (FBI)' Additionally, FBI is a potent liver toxin in rats (6, 7) .
Because of the potential for widespread contamination of com or com products with fumonisins, analytical methods that accurately monitor fumonisin levels in these commodities are of great interest. These analytical methods are used by regulatory agencies in conjunction with toxicological data from animal feeding studies to determine tolerance levels for fumonisins. Several analytical methods that measure fumonisin levels have been reported. These include several liquid chromatographic (LC) methods that use derivatives of the free amine group for fluorescence detection (8) (9) (10) ) and a gas chromatographic/mass spectrometric (GeIMS) method (11) that involves hydrolysis and derivatization of the fumonisin aminopentol backbone. Recently, fast atom bombardment mass spectrometry (FABIMS; also known as liquid secondary ion mass spectrometry) has been suggested as a method for confirmation of fumonisins in naturally contaminated samples and cultures (12) . This paper presents details and comparisons of 2 methods (hydrolysis GeIMS and FABIMS) that use stable-isotope-labeled FBI as an internal analytical standard for increased accuracy and precision.
Experimental
Fusarium monilijomze, isolate M-2326, was supplied by Paul E. Nelson from the culture collection of the Fusarium Research Center, Pennsylvania State University. Procedures for growing this isolate in liquid culture were reported previously (13) . Mycelia were removed from liquid cultures by filtration.
Preparation of Fumonisin Standards
Fumonisin with deuterium incorporated on the 2 branch methyl groups was produced by adding 100 mg L-methionine (methyl-D 3 ) (AU/On page 2, you have L-methionine CD T methyl. Please make consistent.) to 100 mL of liquid culture medium before autoclaving and inoculation. Analysis of culture filtrates from 100 mL cultures after 21 days typically showed the presence of 20--40 Ilg FB l/mL. The FB I produced was determined to have a high level of deuterium incorporated (90% D 6 and 9% D 3 ) by FABIMS [liquid (SIMS) and hydrolysis GeIMS.
FB I was purified from culture filtrates by extraction with an equal volume of n-butyl alcohol. The evaporated butanol extract was then purified further by preparative reversed-phase LC on a CIS column as reported previously (11) . FBI was eluted from the LC column with acetonitrile-water-acetic acid (70 + 30 + 0.1).
Sample Preparation
Com samples were ground and thoroughly mixed. A 10 g subsample was extracted with 50 mL acetonitrile-water (1 + 1) with shaking. A portion of each extract was filtered through Whatman No.1 filter paper into a 20 mL vial and frozen until analyzed. Liquid cultures were filtered through a 0.2 11m filter and stored frozen until analyzed.
Hydrolysis and GCIMS
Typical sample preparation was as follows: 100 ng D 6 -labeled FB I was added to an aliquot of extract (0.1 g sample = 500 IlL) as an internal standard. Then, 1 mL 2N KOH was added, and the sample was heated at 70°C for 2 h. The resulting mixture was acidified to pH 4 with O.lN HCI and washed through a 1 in. column of XAD-2 in a disposable 4.0 mL syringe barrel. The column was washed with 8 mL water, and the hydrolyzed material was eluted with 8 mL methanol. The methanol was evaporated under nitrogen, and the resulting residue was dissolved in 1.0 mL methanol. An aliquot of this fraction (usually 0.1 mL) was transferred to a vial and evaporated to dryness; trifluoroacetate (TFA) derivatives were prepared by adding 100 ilL (MBTFA) and heating at 70°C for 2 h. Aliquots ofTFAderivatives (1 ilL) were analyzed by GCIMS. Samples were introduced by splitless injection into a 30 m fused-silica capillary column (DB5; 0.25 11m; J & W Scientific, Rancho Cordoba, CA) at 90°e. The column temperature was held at 80°C for 1 min and then increased at 20°C/min to 200°C and fmally at 5°C/min to 270°e. The temperatures of the injection port and the transfer oven were 250 and 270°C, respectively. The mass spectrometer was operated in the negative chemical ionization mode. The reagent gas was methanol (0.5 torr). Full scans from mlz 700 to 1100 (in 0.5) were recorded.
Sample Cleanup by Strong-Anion Exchange (SAX)
Com and naturally contaminated corn extracts were cleaned up on SAX cartridges before analysis by liquid SIMS using a procedure similar to that reported by Shephard et al. (9) . Because, in our experience, recoveries from SAX were not 100% and they varied considerably, a known amount oflabeled internal standard (D 6 -labeled FB I) was added to an aliquot of sample extract before cleanup. Briefly, the labeled internal standard (1llg) was added to a sample extract (equivalent to 1 g sample). The resulting solution was applied to a 3 mL Bond-Elut SAX cartridge (Varian Analytical, Harbor City, CA) that had been conditioned with methanol (5 mL) followed by water (5 mL). The column was washed with 8 mL methanol-water (3 + 1) followed by methanol (3 mL). The fumonisins were eluted with 14 mL 0.5% acetic acid in methanol, evaporated to dryness under dry nitrogen at 60°C, redissolved in 0.1 mL methanol, and stored in the freezer until analysis.
FABIMS
Samples were analyzed by FABIMS on a Finnigan TSQ-700 spectrometer equipped with an Ion Tech fast-atom gun. Xenon was used to generate the beam of fast atoms at an energy of 8 keV. Glycerol was used as the matrix. A bead of glycerol (about 1 ilL) was applied to the copper probe tip followed by 1 ilL sample. Full-scan spectra were typically recorded from mlz 400 to 800 in 1 s. Background spectra were obtained from the glycerol matrix without sample. For quantitation of FB I' scans were recorded from mlz 700 to 750 in 0.5 s. Background spectra were subtracted, and the ratios of peaks at mlz 722 and 728 were determined from a composite spectrum that was the average of 10-20 scans. Tandem MS (MSIMS) analyses were performed under the same conditions but with an argon pressure of about 0.4 torr and a collision energy of 30-50 eV in quadrupole 2 (Q2). Daughter ion spectra were obtained by selecting the parent ion with Q1 and scanning Q3.
LC of o-Phthaldialdehyde (OPA) Derivatives
Samples were derivatized by mixing 25 IlL sample (or standard solution) and 100 ilL OPA reagent (40 mg OPA in 1 mL methanol + 5 mL O.1M disodium tetraborate + 50 ilL 2-mercaptoethanol) (9) . A 10 ilL aliquot of the derivatized solution was injected into the LC system after 1 min of reaction time. The LC column was a 3 cm x 4.6 mm, 31lm film thickness, Pecosphere CIS column (Perkin-Elmer). The solvent was methano1-O.1M sodium dihydrogen phosphate (70 + 30) adjusted to pH 3.35 with orthophosphoric acid, and the solvent flow rate was 1 mLlmin. Derivatives were detected by fluorescence (Kratos 780 fluorescence detector) at 335 nm (excitation) and a 418 nm cutoff filter (emission).
Results and Discussion
FB I is structurally similar to the base sphingosine (Figure 1) . Assuming that fumonisin biosynthesis is similar to corporation of an internal standard. In the previous method, electron ionization (El) was used, and the ion at mlz 140 (the base peak in the spectrum) was selected for quantitation, with ions at mlz 180 and 211 used for confirmation. This EI approach cannot adequately distinguish between labeled and unlabeled FBI> because the D 6 -labeled FBI has deuterium incorporated at C-2l and C-22, and the base peak at mlz 140, which arises from C-l and C-2, does not retain any of the incorporated deuterium. The ion at mlz 211, which arises from cleavage between C-14 and C-15, is shifted by 3 daltons, which is half of the label. The resulting sensitivity would be poor, because the abundance of mlz 211 is only a few percent of the abundance of the base peak.
Electron capture negative chemical ionization of the TFA derivative of hydrolyzed FB I overcomes this difficulty, because it provides abundant molecular anions and fragments (losses of hydrofluoric acid [HF] and TFA) that retain all of the incorporated deuterium. Additionally, the high rate constant for the favorable electron attachment reaction for the TFA derivative of the FB I backbone yields an overall sensitivity that is several orders of magnitude greater than that obtained by EI. Because of the high sensitivity of this technique, the full-scan detection limit for the TFA derivative was less than 1 pg injected onto the GC column (data now shown). For routine analyses, injections of aliquots of hydrolyzed derivative equivalent to 100 pg FBI or labeled FBI were used. The TFA derivative of hydrolyzed FB I eluted from the GC system at approximately 17. 
Hydrolysis and GCIMS
The previously reported hydrolysis and GCIMS analytical procedure for FBI (11) had excellent sensitivity, but the precision was clearly less than that obtained by LC methods. Greatly increased precision of the GCIMS method is possible with insphingosines biosynthesis, we expected that the branch methyl carbons C-21 and C-22 were added by fungal methyl transferase enzymes. To test this hypothesis, F. moniliforme was grown in the liquid medium described by Clouse et al. (14) with added L-methionine CDrmethyl (13) . In this work, when 100 mg deuterium-labeled L-methionine was added to 100 mL liquid culture medium before inoculation with F. moniliforme, synthesis of methionine by the culture was apparently inhibited and the added methionine was used by the growing culture. Because the added labeled methionine was used for many processes as the culture grew, only about 100 Ilg of the 100 mg added to the culture was recovered in the approximately 2-3 mg FB I produced after 13 days. However, this FB I had a high level of incorporation of deuterium. Figure 2 shows the mass spectra of the TFA derivative of hydrolyzed FBI from the labeled-methionine-amended culture (A) and from a control culture to which no labeled methionine was added (B). Figure 2C shows an expanded view of the molecular anion region of the spectrum of the labeled derivative. Because isotope effects from natural-abundance l3C were negligible at M + 3 and M + 6, incorporations were calculated from the abundances of molecular anions eM"' at mlz 981,984, and 987). More than 99% of the FB I molecules contained either 3 or 6 deuterium atoms, and the deuterium incorporated was shown by nuclear magnetic resonance to be exclusively located on C-21 and C-22 (13) .
When shaken, liquid cultures produced much higher levels of fumonisins (data not shown), the cultures grew more rapidly and aerobically, and added methionine was rapidly used. However, cultures grown under shaken conditions with labeled methionine added at culture initiation yielded negligible deuterium incorporation. By adding methionine after the production of FBI had begun (typically at 5 days after culture initiation), levels of deuterium incorporation were increased at 15% of total fumonisin production, but still far below levels achieved under static conditions. Under shaken conditions, methionine is likely being used as a nitrogen source for increased biomass production as well as for a myriad of other metabolic processes.
Thus, shaking is not well suited if the required result is useful levels of incorporation of stable isotopes into FB I.
Under static conditions, the FB I produced was highly incorporated with D 6 ; thus, this procedure provided an ideal stableisotope-labeled fumonisin standard to spike into liquid cultures or extracts for quantitation of fumonisins by isotope dilution GCIMS and FABIMS methods. Accordingly, D 6 -labeled FB 1 -containing fraction prepared from culture filtrate followed by partition with water and n-butyl alcohol was used for the internal standard solution. In either case, the system was calibrated with a response curve generated by mixtures of pure FB I and either pure labeled FBI (approximately 90% D 6 and 9% D 3 ) or the partially purified, labeled FB I fraction. For quantitation of FB b the signals at mlz 981 (11'), 961 M-HF), 867 (M-TFA), and 847 (M-TFA-HF) were summed and compared with the response of the D 6 -labeled internal standard atmlz 987 (M-'), 967, 873, and 853. A response curve for different ratios of labeled and unlabeled FBI was determined by mixing standards (10-5000 ng) and labeled material (100 ng) and taking them through the same sample workup and analysis. The response was linear across the range of 1 part FB l /lO parts standard to 500 parts FBI/I part standard (typical correlation coefficient, 7.95). Some deviation from linear response was noted when the ratio of unlabeled fumonisin to labeled fumonisin was 1000 or greater. FBI concentrations in samples were calculated by multiplying the ratio of the signal for unlabeled fumonisin to that of labeled fumonisin by this response factor and by the concentration of labeled FB I added to the sample. Because the labeled FB 1 contained a small amount of unlabeled fumonisin (about 1%), a quantitation limit of 10% for the ratio of FB 1 to labeled B1 was established. Ratios of FB I to standard between 1 and 10% were considered too low for reliable quantitation, and FB 1 at these levels was reported to be below the detection limit. For naturally contaminated corn samples, this allowed a detection limit of 100 ppb by addition of 50-100 ng labeled fumonisin to aliquots of extracts equivalent to 0.1 g sample. Ifneeded, a 10 ppb detection limit could be achieved by adding 100 ng standard to an extract equivalent to 1 g sample.
Even though in theory lower detection limits could be achieved, they were not needed because levels of FB 1 found in corn were generally higher. Satisfactory recoveries (>50%) and adequate signal-to-noise ratios were obtained from 50 ng fumonisin taken through the entire hydrolysis and derivatization procedure with injection of I~L derivative (equivalent to 50 pg sample). Data obtained from triplicate injections of 9 replicate samples of a corn extract taken through the quantitation procedure show that the precision of replicate injections is significantly better than the precision of replicate samples (Ta- Table 1 . FB1 levels measured in replicate injections of 9 replicate samples of a corn extract equivalent to 0.1 9 sample to which 100 ng D6-labeled FB1 was addeda ble I). The step limiting the precision of this method is probably the addition of internal standard (10 ll-L) to the sample extract (0.5 rnL) before hydrolysis.
FABIMS
lyte is susceptible to suppression by other components and by inorganic salts that may be present in the sample-glycerol matrix. Therefore, for reliable quantitative measurement of FBI in a partially purified sample matrix by FABIMS, our method uses the presence of a stable isotope analogue as an internal standard to correct for variations in the yield of the MH+ ion.
MSIMS daughter spectra of FBI and D 6 -labeled FBI (Figure 4) show daughters from loss of the tricarballylic esters and sequential losses of water, similar to those reported by Korfmacher et al. (12) . Major daughter fragments from mlz 722 at mlz 316, 334, 352, and 370 all show 6-dalton shifts in the daughter fragments from the D 6 -labeled FBI (mlz 728). Even though these daughter experiments could form the basis of a highly selective quantitative method that would discriminate any non-FBI signal in the matrix at mlz 722 and 728, we felt that the interferences in the FABIMS spectrum at these masses would not be serious enough to justify the extra effort involved and instead chose simply to compare the abundance of these 2 ions in the normal FABIMS spectrum.
The typical signal for a single 0.5 s scan obtained from 25 ng FB I added to approximately I !J.L glycerol is shown in Figure 5 . The largest signal between mlz 700 and 750 is the protonated molecule (mlz 722). As is typical ofFABIMS spectra, a signal is observed at every mlz value. The signal at mlz 737 if from the matrix cluster ion composed of glycerol molecules and a proton. Any background signal seen at mlz 728 (the protonated molecule expected from the D 6 -labeled FBI internal standard) is typically less than a few percent of the signal at mlz 722. Similarly, in the spectrum obtained from 25 ng D 6 -labeled FB I, the largest signal is at the protonated molecule (mlz 728); the abundance of the signal at mlz 722 is only a few percent of the abundance of the protonated molecule (data not shown). Spectra of equal amounts of FBI and D 6 -labeled FBI second 25~aliquot was mixed with 25 flL D 6 -labeled FB I (l00 nglflL) and reanalyzed. Because of suppression of ion formation from the matrix from 1 flL culture filtrate, a total FB I concentration of about 5 nglflL was needed before the signalto-noise ratio was sufficient to identify the fumonisins from the background signal. This led to a practical detection limit of about 5 ngl~for FB I without sample cleanup. FB I concentrations determined by FABfMS were compared with those obtained by LC of the OPA derivatives from a series of liquid cultures (Table 2) . Replicate FABfMS analyses of samples generally reproduced to about ±1O%. The detection limit obtained for direct FABfMS was not low enough to be practical for detection of fumonisins in naturally contaminated matrix without sample cleanup. Mixing the sample extract (equivalent to 1 g sample) with the labeled fumonisin (1 flg) before cleanup compensated for variable or incomplete recovery from the SAX cleanup procedure. The recovered fraction was evaporated to dryness and redissolved in 100 flL methanol. Recoveries of 100% corresponded to a D 6 -labeled FB I concentration of 10 ngl~, which can be measured by FABfMS. With this method, FB I is detectable in com extracts with an approximate detection limit of 0.1 flglg. Table 3 shows a comparison of results of com meal extracts analyzed by GCfMS and by FABfMS.
Sensitive, selective, and accurate analytical methods that measure fumonisin contamination of foods and foodstuffs are necessary to assess the potential for human and animal exposure to these compounds. LC has been a method of choice for these measurements. However, because fumonisins do not have a UV-absorbing chromophore and they do not naturally fluoresce, derivatization has been necessary. Derivatization provides adequate sensitivity but has several drawbacks. The response measured is that of the derivative, and because the derivatizing reagents reported usually react with a general class of compounds, the derivatized sample has many potential interferences. Thus, FBI contamination determined by LC may need to be confmned by a second method. For detection at trace levels, sample cleanup is required. Much careful evalu- ation of cleanup protocols is needed to verify that recoveries are adequate and consistent.
The hydrolysis and GCfMS procedure is as sensitive as LC with fluorescent derivatives. Identification is based on a highperformance capillary GC retention time (compared with that of the D 6 internal standard) and the mass spectrum. Quantitation is based on the abundance of several high-mass signals including the molecular anion. Because full-scan mass spectra are obtained, confmnation of identity by the match of the sample spectrum with the spectrum obtained for authentic FE I is highly selective. Use of the stable-isotope-labeled internal standard compensates for any losses of response in the hydrolysis or derivatization steps and provides excellent precision.
The FABfMS method provides a quick and selective method to confmn FE I levels determined by LC or hydrolysis and GCfMS. At low part-per-million levels, however, a sample cleanup step is necessary. We have found that using the same sample cleanup reported for LC works well. Furthermore, addition of the internal standard before this step compensates for any variability or incomplete recovery of FBI' The FABfMS method is not as selective as the GCfMS procedure for 3 reasons. First, there is no separation ofFB I from remaining sample matrix and no retention value for identification. Second, only the protonated molecule is abundant in the spectrum of FB I, so that no fragment ions are available for confmnation of identity. Third, the nature of the experiment results in a signal at each mlz value, which leads to loss of precision of measurements near the detection limit. The selectivity of the method could be improved by doing the MSfMS daughter experiment and measuring the abundance of backbone daughters to determine the amount of fumonisin, but at low signal levels this procedure is not practical and at higher levels it is probably not needed.
Both of these methods should find use in studies that measure fumonisin concentrations in other matrixes such as plasma, urine (15) , and feces, where sensitivity and selectivity are important factors.
